Immunological changes associated with age contribute to the high rates of influenza virus morbidity and mortality in the elderly. Compounding this problem, aged individuals do not respond to vaccination as well as younger, healthy adults. Efforts to increase protection to this demographic group are of utmost importance, as the proportion of the population above the age of 65 is projected to increase in the coming decade. Using a live influenza virus with a truncated nonstructural protein 1 (NS1), we are able to stimulate cellular and humoral immune responses of aged mice comparable to levels seen in young mice. Impressively, a single vaccination provided protection following stringent lethal challenge in aged mice.
I
nfluenza viruses are negative-sense, single-stranded RNA members of the Orthomyxoviridae family, with influenza A and B viruses causing significant clinical disease each year. At present, vaccination remains our best medical intervention at preventing influenza virus-related illness and death that occur during seasonal epidemics (47) . While annual influenza epidemics can affect all age groups, there has historically been an increased risk of more serious infection in those who are over 65 years of age. While aged individuals seem to be less susceptible to infection with the novel swine influenza H1N1 virus (75) , the virus still causes severe morbidity and mortality in this age group, with high rates of hospitalizations (16) and death for those over the age of 65 (44) . Aged individuals are therefore still considered to be at risk for infection and are a top vaccination priority by the CDC's Control Advisory Committee on Immunization Practices (15) .
Trivalent influenza vaccines can be administered as either inactivated or live attenuated virus preparations and are formulated to protect against the influenza viruses that are expected to circulate during the coming influenza season. Only trivalent inactivated split vaccines are licensed for use in the elderly, though vaccine efficacy remains suboptimal for this group (2, 8, 9, 29, 32, 39, 57) . The gradual decline of innate and adaptive immune responses in the aging, a process termed immunosenescence, is thought to largely contribute to decreased vaccine efficacy in elderly adults. Age-related immunological changes include aberrant interferon (IFN) and cytokine responses, as well as deficiencies in antigen presentation and T and B cell activation (9, 11, 13, 23, 43, 48, 49, 53, 56, 65, 77) . Aged mice display many of these same immunological deficits (5, 24, 35, 46, 65, 68, 70, 77) and thus are a relevant model in which to study novel vaccine strategies for the aged. Because the elderly population is the fastest growing age demographic in the United States (33) , it is critical that we develop improved methods of protection against influenza virus for these individuals.
Nonstructural protein 1 (NS1) of influenza A and B viruses antagonizes the host interferon response following infection and contributes to the virulence of viral strains (21, 28) . It has been shown that viruses with partial deletions in NS1 protein are attenuated and do not cause disease, yet induce a protective adaptive immune response in mice (31, 69) . Similar findings have been demonstrated in pigs (64, 72) , horses (58) , birds (66, 74) , and macaques (3) , and phase I trials in individuals aged 18 to 50 have shown that vaccine viruses attenuated through NS1 deletion are immunogenic in a small cohort of individuals (73) . However, it remains unknown if this vaccine strategy can confer enhanced protection to immunosenescent aged mice.
Here we demonstrate that an NS1-truncated vaccine boosts cellular and humoral adaptive immune responses following vaccination, and to our knowledge, it is the first example by which a single vaccination can protect aged mice from stringent lethal challenge without the use of additional adjuvant. Furthermore, we demonstrate that immunization of nonreplicating vaccines at higher doses does not provide protection in aged mice, arguing that a novel vaccine strategy may be necessary to protect this rapidly growing age group from influenza virus infection.
MATERIALS AND METHODS

Viruses and cells.
293T and MDCK cells were obtained from ATCC and were maintained in Dulbecco's modified Eagle's medium (DMEM) and minimal essential medium (MEM) (both from Gibco), respectively, each supplemented with 10% fetal calf serum (HyClone) and 100 units/ml of penicillin-100 g/ml of streptomycin (pen-strep; Gibco).
Recombinant influenza viruses were produced using an eight-plasmid influenza virus reverse genetics system as described previously (58) . In order to generate NS1-truncated viruses, primers encoding stop codons and restriction sites were used to amplify fragments by PCR that were then subsequently ligated into pDZ vectors. Detailed construction of each plasmid has been described previously (52, 58) . Plasmids were designed so that recombinant viruses expressed either the full-length NS1 protein (wild-type [WT] PR8) or the first 126 amino acids (NS1-126). NS1 truncations did not affect the sequence of nuclear export protein (NEP). Following rescue, virus stocks were grown in 10-day-old eggs and subsequently sequenced to confirm NS1 truncation.
A/Netherlands/602/2009 virus was mouse-adapted via serial passage in mouse lungs and then passaged in 10-day-old eggs.
In order to purify virus for enzyme-linked immunosorbent assays (ELISAs), virus stocks were grown in 10-day-old chicken eggs and the allantoic fluid was harvested 72 h later. Virus was pelleted by centrifuga-tion at 10,000 rpm for 30 min at 4°C using an SW28 rotor, resuspended in 1ϫ NTE buffer (0.5 mM NaCl, 10 mM Tris-HCl [pH 7.5], 5 mM EDTA), and then partially purified over a 30% sucrose cushion.
Plaque assay and immunostaining. Virus stocks and lung titers were determined by plaque assay of 10-fold serial dilutions in phosphate-buffered saline (PBS), bovine serum albumin (BSA), and pen-strep on MDCK cells in the presence of 1 g/ml tosylsulfonyl phenylalanyl chloromethyl ketone (TPCK) trypsin. Cells were incubated for 48 h at 37°C. Cells were then fixed with 4% formaldehyde, and plaques were visualized with a crystal violet counterstain or by immunostaining as described previously (50, 66) .
Animals. All animal experiments were performed in accordance with the guidelines of the Mount Sinai School of Medicine Institutional Animal Care and Use Committee. Animals were allowed access to food and water ad libitum and kept on a 12-h light/dark cycle. Six-to 8-week-old (Jackson Laboratories) and 18-month-old (National Institute of Aging) female BALB/c mice were anesthetized for all procedures. Young mice were anesthetized with intraperitoneal (i.p.) injection of 0.1 ml of ketamine-xylazine (1.5 mg ketamine and 0.3 mg xylazine), while aged mice were anesthetized with 0.075 ml ketamine-xylazine (0.203 mg ketamine and 0.060 mg xylazine) (aged mice are more susceptible to ketamine-xylazine than young mice). For all experiments involving viral infections, animals were euthanized if they lost 25% of their initial body weight in accordance with institutional guidelines.
Infection experiments of young and aged BALB/c mice. Young and aged mice were inoculated with 10 PFU of WT PR8 virus and monitored for weight loss following infection. On day 4 postinfection, animals were sacrificed and lungs were harvested and mechanically homogenized (FastPrep-24; MP Biochemicals) in 1 ml of PBS. Lung homogenates were serially diluted in PBS containing 0.3% BSA. Plaque assays were performed on confluent MDCK cell monolayers in the presence of 1 g/ml TPCKtreated trypsin. Another cohort was sacrificed on day 10, and lung CD8 T cell responses were assessed by FACS analysis.
Vaccination and challenge of young and aged BALB/c mice. Live attenuated influenza virus expressing the first 126 amino acids of NS1 (NS1-126) was diluted to a concentration of 10 2 , 10 3 , or 10 4 PFU in a volume of 50 l and administered intranasally. The monovalent 2009 pandemic influenza virus vaccine (Sanofi) was administered intramuscularly in a volume of 50 l. Three weeks post vaccination, animals were challenged with 2,400 PFU of WT PR8 virus or 500 PFU of mouseadapted pandemic A/Netherlands/602/09 (pH1N1) (approximately 100 50% lethal doses [LD 50 ]). Following each homologous challenge, mice were weighed daily and monitored for signs of disease for a 14-day period.
Virus replication in the lungs and assessment of lung pathology. Mice were vaccinated and challenged as described above. Four days postchallenge, mice were euthanized and lung tissues were harvested. In order to determine viral lung titers, lungs were mechanically homogenized by plaque assay as described above. To assess the degree of inflammation in the lungs following infection, mice were again vaccinated and challenged as above and sacrificed on day 4. Lungs were removed and fixed in 4% paraformaldehyde (PFA), paraffin embedded, sectioned, and stained with hematoxylin and eosin (H&E). Sections were evaluated and scored blindly by a trained pathologist for levels of inflammation and lung tissue damage.
RT-PCR. Following vaccination with NS1-126 viruses as described above, lungs were harvested from groups of 3 mice at 36 and 48 h postvaccination. In order to determine the levels of IFN-␤ expression in the mouse lung, lungs were homogenized as described above and then RNA was extracted. All RNA samples were treated with DNase I (Roche) according to manufacturer's instructions, and quantitative reverse transcriptase PCR (qRT-PCR) of cDNA samples was performed using KAPA SYBR FAST qPCR Master Mix (KAPA Biosystems) on a Mastercycler EP Realplex (Eppendorf). Cycle threshold (⌬⌬CT) values were calculated with replicates over the endogenous housekeeping gene beta-tubulin. Values represent fold change over mock-infected samples.
Generation and purification of recombinant influenza virus proteins.
Hemagglutinin from A/California/04/2009 virus was generated using the baculovirus-based expression system as described previously (54) .
Protein purity and identity were tested by SDS-PAGE, Coomassie staining, and Western blotting, and final protein concentrations were determined with Bradford reagent.
ELISAs. Mice were bled 3 weeks following vaccination with NS1-126 or the commercially available monovalent vaccine as described above. ELISA plates (96-well, Immulon 4HBX; Thermo Scientific) were coated overnight at 4°C with 50 l of 5 g/ml purified PR8 virus or 2 g/ml baculovirus-expressed hemagglutination (HA) from A/California/04/ 2009. Plates were then blocked with 1% BSA-PBS and then washed with PBS and 0.025% Tween (PBST). Serum was serially diluted in PBS and added to the plate, followed by an overnight incubation at 4°C. Plates were then incubated with 1:1,000 dilution of alkaline phosphate (AP)-linked anti-mouse IgG (␥-chain specific; Invitrogen) for 1 h at room temperature. Following a final wash, p-nitrophenylphosphate (PNPP) substrate (Zymed) was added. Reactions were stopped with the addition of 0.75N NaOH. Optical density measurements were taken at 405 nm (OD 405 ).
Hemagglutinin inhibition assays. Sera from vaccinated and naïve mice were pooled and then inactivated by trypsin-heat-periodate treatment in order to remove nonspecific inhibitors of hemagglutination. Hemagglutination inhibition (HI) assays were performed to test reactivity with WT PR8 virus as described previously (45) . A sample was considered negative if HI activity is not seen with a 1:10 dilution of the serum.
Flow cytometry and MHC-I tetramers. Following sublethal infection or vaccination and lethal challenge (71), mice were euthanized and single cell suspensions from whole lungs were stained with rat anti-mouse CD8a (53-6.7), rat anti-mouse CD3e (145-2C11) (Becton, Dickinson), and/or major histocompatibility complex class I (MHC-I) tetramers. In order to assess influenza virus specific CD8 T cell activation, MHC-I tetramer NP 147 (H-2K d ; TYQRTRALV]) was used (provided by the National Institute of Allergy and Infectious Disease MHC Tetramer Core Facility (Atlanta, GA)). Following incubation with monoclonal antibodies and/or tetramers, red blood cells were lysed and lymphocytes were fixed using BD FACS lysing solution (BD Biosciences). All flow cytometry data were acquired on a BD FACSCalibur (BD Immunocytometry Systems), and data analyzed using FlowJo software (TreeStar, Ashland, OR).
Statistical analysis. Statistical analyses were performed using a onetailed Student's t test (Prism4, GraphPad). Welch's correction was used if variances were determined to be statistically different. P values at or below 0.05 are considered statistically significant.
RESULTS
Aged mice display deficits in cellular and humoral immunity following influenza virus infection. Young (6 to 8 weeks) and aged (18 months) mice were intranasally inoculated with 10 PFU of WT PR8 virus. As shown in Fig. 1 , both sets of mice responded similarly to infection, with weight changes only statistically different on day 14 (Fig. 1A) . Additionally, there was no statistical difference in survival (Fig. 1B) . In order to confirm that viral replication kinetics were similar in the lungs of young and old mice, infected animals were euthanized on day four and lungs were harvested. Lung viral titers were similar in both young and aged mice at this time point (Fig. 1C) .
To confirm the immune senescence seen in aged mice during influenza virus infections (4, 34, 70), we next wanted to assess cellular and humoral responses following infection with WT virus in young and aged mice. Mice were again infected with 10 PFU of WT PR8 virus, and levels of CD8 T cell activation in the lung were assayed on day 10. Aged mice had statistically significant lower numbers of total CD8 T cells in the lung (Fig. 2A) . Additionally, aged mice had lower total cell numbers and percentages of CD8 T cells specific for influenza virus nucleoprotein (NP) (Fig. 2B and C ). Development of humoral immunity was also compromised in aged mice. At day 21 postinfection, inoculated young and aged mice were bled and influenza virus-specific serum antibody titers were assessed by ELISA. Antibody titers in aged mice were statistically lower than those in inoculated young mice (Fig. 2D) . Despite comparable replication kinetics in young and old animals, the immunological response to infection differs with age, with a waning degree of immunity in the aged mice compared to the young mice.
Live attenuated vaccine vectors are safe in young and aged mice and protect animals from stringent lethal challenge. Given that NS1-truncated viruses have successfully protected young mice from viral challenges (27, 69) , we hypothesized that live attenuated viruses could potentially be successful vaccine vectors in aged mice. While it is known that NS1-126 viruses serve as safe and effective vaccines in young mice (78) , the effect of infection in the context of immunosenescence is unknown, as these viruses are not as attenuated as those with larger NS1 truncations (27) . NS1-126 viruses were rescued, sequenced to confirm NS1 deletion, and inoculated onto an MDCK monolayer culture to assess attenuation in an IFN-competent system. As expected, this virus displayed an attenuated plaque assay phenotype compared to WT (Fig. 3A) . Young and aged mice were then infected with various doses of NS1-126 virus. At all doses tested, NS1-126 was attenuated in young and aged mice, as animals did not display any signs of infection and were spared from weight loss during the 2-week monitoring period (Fig. 3B ). Because this virus vaccine encodes only the first 126 amino acids of the interferon antagonist NS1 protein, we would expect interferon (IFN) expression to be elevated in the infected host (20, 28) . Aberrant cytokine responses have been reported in aged mice following influenza infection (70), and we therefore wanted to assess whether these viruses were capable of stimulating IFN expression in aged mice. Despite their immunosenescent phenotype, IFN expression was upregulated in the lungs of young and aged mice by 48 h postvaccination as determined by RT-PCR (Fig. 3C) .
Three weeks post vaccination, young and aged mice were challenged with 100 LD 50 of WT PR8 virus. Mock-infected mice succumbed to infection beginning on day 5. Young mice were protected from death at a dose of 10 2 PFU, though they lost an average of 8% of their body weight in the first week postinfection. In contrast, aged animals were unprotected from challenge, with 0% survival at this vaccine dose. Impressively, both young and old mice were completely protected from lethal challenge when vaccinated with 10 3 PFU of NS1-126 virus, with little to no weight loss in any of the challenged animals. Complete 100% survival was seen in both groups ( Fig. 4A and B) .
In order to assess the degree to which the vaccine virus suppressed viral replication in the lungs, mice were vaccinated and challenged as described above, but were sacrificed on day 4 postinfection. At this time point, lung tissues were harvested and titers were quantified by plaque assay. A reduction in viral titers was seen in both young and old mice compared to mock-vaccinated, age-matched controls. Interestingly, there was no statistical difference between the lung titers seen in young and old mice vaccinated with 10 2 PFU, even though this dose was not protective for old mice. At the protective dose for aged mice (10 3 PFU), virus was only detected at low levels in the lungs of one out of three mice postchallenge. No virus was detected in the lungs of young mice that were vaccinated with this dose (Fig. 4C) . Lung titer correlated with the degree of inflammation and damage seen in the lung as quantified by a veterinary pathologist. Pathology scores were inversely correlated with the vaccine dose in both young and aged mice (Fig. 4D) .
Aged mice mount protective immunological response following NS1-126 vaccination. We next wanted to investigate correlates of protection in aged mice following NS1-126 vaccination. Following vaccination, young and aged mice were bled and their sera were tested by ELISA for influenza virus-specific antibodies. As expected, both young and aged mice responded in a dosedependent manner to NS1-126 vaccination, with 10 3 PFU eliciting higher serum IgG titers compared to age-matched animals vaccinated with 10 2 PFU (P ϭ 0.002 for young mice, P ϭ 0.0089 for aged mice). Serum IgG was statistically higher in young mice compared to that in aged mice vaccinated with the same dose. Antibody titers were barely above background in aged animals that were vaccinated with 10 2 PFU. This is, of course, not surprising, as this group was not protected from lethal challenge. When looking at antibody titers at the doses that provided protection to young (10 2 PFU) and aged (10 3 PFU) mice, no statistical difference is seen (Fig. 5A) . We can therefore argue that aged mice, though requiring 10-fold more vaccine, were able to mount influenza virus-specific antibody responses that were comparable to those seen in young mice.
Interestingly, aged mice vaccinated with 10 2 or 10 3 PFU did not generate hemagglutination inhibition (HI) responses, while pooled sera from young mice vaccinated with 10 2 and 10 3 PFU of the NS1-126 vaccine were HI positive (data not shown).
In order to assess the degree of CD8 T cell activation in the lungs, animals were vaccinated with NS1-126 or PBS and then challenged with WT PR8 virus as described above. Animals were sacrificed 5 days postchallenge, and lungs were harvested for MHC-I tetramer staining. As shown in Fig. 5 , tetramer analysis demonstrated no significant difference between CD8 ϩ T cell number and frequency in young mice compared to aged mice. Therefore, despite the aberrant CD8 T cell response seen with an acute infection, vaccination with NS1-126 is capable of overcoming the immunosenescence in this cellular compartment.
High-dose inactivated vaccine administration does not protect aged mice from lethal challenge. We have been able to demonstrate the protective effect of NS1-126 vaccination in aged mice. Although a 10-fold increase in the dose is required, adaptive immune responses are raised to levels seen in young mice, and protection from a robust challenge was appreciated. Because it is possible that the protective effect is based solely on the quantity of the vaccine, and not the quality as we argue, we vaccinated aged mice with 10 times the vaccine dose known to protect a young mouse. Mice were vaccinated with the monovalent pH1N1 virus vaccine and then challenged with 100 LD 50 of the mouse-adapted A/Netherlands/602/2009 virus. As shown in Fig. 6A , young mice were protected from challenge, with 80% survival. Aged mice that received either 4 or 10 times the vaccine dose were unprotected and succumbed to infection within the first days of infection. This was somewhat unexpected, as young and aged mice had comparable antibody titers assessed by ELISA (Fig. 6B) . Because we wished to assess the difference in low-dose inactivated vaccine (given to young mice) and high-dose inactivated vaccine (given to aged mice), naïve controls were not used. This decision was also made in order to minimize the use of mice in accordance with institutional guidelines.
DISCUSSION
Immunosenescence associated with age is a hurdle to the development of better vaccines for the elderly population. Because of immunological similarities that exist between the aged human and aged mouse, the model is of great value to the study of virus pathogenesis and vaccine efficacy. Just as with aged adults, effective vaccination is also hard to achieve in the aged mouse. Successful strategies to protect aged mice against influenza virus often require multiple vaccinations (1, 6, 26, 30, 42, (61) (62) (63) 76) or require the use of adjuvants that are not presently licensed for use with , PBS  versus 10 2 PFU, P ϭ 0.0035, and PBS versus 10 3 PFU, P ϭ 0.0035; aged mice, PBS versus 10 2 PFU, P ϭ 0.32, and PBS versus 10 3 PFU, P ϭ 0.0006.) Data are representative of two independent experiments. (C and D) Four days following challenge, animals were sacrificed and lung tissues were harvested. (C) Viral lung titers of young and aged mice following challenge (n ϭ 3 per group): young mice, PBS versus 10 2 PFU, P ϭ 0.03, and PBS versus 10 3 PFU, P ϭ 0.03; aged mice, PBS versus 10 2 PFU, P ϭ 0.03, and PBS versus 10 3 PFU, P ϭ 0.04; young (10 2 ) versus aged (10 2 ), P ϭ 0.13; young (10 2 ) versus aged (10 3 ), P ϭ 0.17; young (10 3 ) versus aged (10 3 ), P ϭ 0.21. Line represents limit of detection of the assay (50 PFU/ml). (D) Lung pathology scores of H&E-stained lung sections (n ϭ 3 per group). Nonchallenged mice (NC) were used to establish a baseline. Degrees of hemorrhage, edema, alveolar collapse, inflammation, necrosis, and damage were scored using a scale of 0 to 4, where 4 is most severe. influenza vaccines in the United States (1, 37, 51, 59) . Overall, there is a general weakness in many of the studies that test efficacy of vaccination in aged mice: protection from lethal challenge is not assessed or viral challenges are not very robust. Here, we demonstrated the immunogenicity of a NS1-truncated virus vaccine, and the ability of a single vaccination to protect against stringent lethal challenge of 100 LD 50 of WT PR8 virus.
While we were able to demonstrate the stimulation of adaptive immune responses following vaccination of aged mice with the NS1-126 vaccine, it is interesting to note that HI titers were undetectable in pooled sera from vaccinated aged mice. Despite being HI negative, aged mice that were vaccinated with 10 3 PFU of the NS1-126 vaccine were completely protected from lethal challenge. These data might highlight a difference in the mechanism by which young and aged mice are protected from virus challenge, though it should be noted that discrepancies between HI titer and protection elicited from live attenuated vaccines have been appreciated in other studies (10, 45) .
Although a single administration of a live virus vaccine has been shown by others to be immunogenic in aged mice, the efficacy of such vaccines has not yet been assessed in the context of a lethal virus challenge (7, 26) . Only Ben-Yehuda et al. tested the ability of their vaccinia virus-based approach to protect aged mice from virus challenge, though instead of monitoring morbidity and mortality, viral lung titers were quantified on day three following infection with 10 6 50% egg infectious doses (7) . We have shown here, however, that viral titers may not be an accurate predictor of survival (Fig. 4) . In our study, aged mice vaccinated with 10 2 PFU had statistically similar virus titers in the lung after challenge compared to young mice vaccinated with the same dose. Aged mice succumbed to infection, however, and all young mice survived (Fig. 4B) . While it has been shown that replicative efficiency of virus in the mouse lung is related to viral pathogenicity (55) , it appears that titer may not be completely predictive in aged mice. Since inflammatory cytokine production has been implicated in morbidity following challenge (12) , and aged mice are known to have aberrant cytokine responses compared to young mice (70) , this may explain why similar lung titers on day 4 postchallenge in aged mice were not predictive of survival outcomes in our experiments.
It is also of note that the lung titer of one aged mouse vaccinated with 10 2 PFU NS1-126 on day 4 was at or below the limit of detection of the assay, though this was shown to not be a protective vaccine dose in aged mice (Fig. 4) . Because naïve aged mice succumbed to infection as late as day 7 (Fig. 4) , it is possible that lung titers would be higher if assessed at later time points.
While we have observed many of the immunological deficits that have been associated with influenza virus infection in aged mice (4, 34, 70) , we were unable to detect dramatic differences in weight loss and symptom scores as reported by Toapanta et al. (70) . As shown in Fig. 1 , young and aged mice responded similarly to infection following a sublethal inoculation, though aged mice recovered more slowly from infection (Fig. 1) . The more stringent WT PR8 dose used by Toapanta et al. could account for this dis- crepancy, as well as differences that may exist between laboratory strains. We have, however, found that aged mice can be more sensitive to infection, though this seems to be virus dependent. While young and aged mice responded similarly to WT PR8 and pH1N1 virus infection, the LD 50 value of aged mice infected with X31 (mouse-adapted H3N2) was determined to be 100-fold lower than that of young mice (data not shown).
In the context of a PR8 virus, the length of the NS1 protein is inversely related to its degree of replication in the mouse (27) . We therefore hypothesized that, in order to stimulate immunity to the highest levels in an immunosenescent host, a virus with greater replicative capacity, and thus a smaller NS1 truncation, should be used. Although 10-fold more virus was required, vaccination with NS1-126 virus induced influenza-specific antibody titers and CD8 T cell activation in the lung to levels comparable to what was seen in young mice (Fig. 5) , rescuing the decreased ability of these aged mice to produce humoral and cellular responses following infection ( Fig. 2) (4, 34, 70 ). Despite its less attenuated nature compared to PR8 viruses with shorter NS1 segments, the NS1-126 virus vaccine was still safe in aged mice, causing no weight loss following vaccination in the doses we administered (Fig. 3) .
Compared to viruses with full-length proteins, those with shorter NS1 segments are less able to antagonize the host IFN system. We hypothesized that the function of the NS1 protein would have to be disrupted enough to attenuate the virus, yet allow it to replicate to levels that would confer protection to a host with age-related immunological deficits. The NS1-126 virus vaccine encoding a truncated version of the NS1 protein stimulated IFN expression, even in the aged mouse. An induction greater than 10-fold was seen in the lung of aged mice by 48 h postvaccination (Fig. 3) , and it is likely that other inflammatory cytokines are upregulated as well (60) . It is of note that cytokine production in aged mice can be delayed compared to when it is detected in young mice (70) , and therefore, it is possible that IFN would be expressed in aged mice to greater levels at later time points.
While more vaccine was required in the aged mouse, we argue that the protection provided by the NS1-126 vaccine is related more to quality of the vaccine than to the quantity. In addition to the immunostimulatory nature of replicating vaccines (18, 36) , the IFN produced following vaccination with NS1-126 could have a self-adjuvanting effect. Indeed, type I interferons are known to enhance the development of adaptive immune responses (22, 40, 41, 67) .
Inactivated vaccine preparations are currently used to immunize those over 50 years of age. In an effort to better protect the elderly, a high-dose version of the trivalent inactivated vaccine was FDA approved for use in the elderly starting in 2010. Clinical studies comparing standard-dose and high-dose formulations demonstrated statistically higher HI titers in response to highdose vaccination (14, 17, 25, 38) . It is interesting to note that higher doses of inactivated vaccines did not provide protection from homologous challenge in the aged mouse model. Animals vaccinated with 4 or 10 times the dose of young mice all succumbed to infection (Fig. 6A) , even though aged antibody titers were comparable to those seen in young mice (Fig. 6B) . This suggests that these antibodies might not be as potent as those produced following vaccination with NS1-126 virus, for example. Indeed, type I interferon has been shown to enhance humoral immunity, induce isotype switching, and promote affinity maturation (19, 41) and suggests that inactivated vaccines may not be as effective for this demographic group as originally hoped.
In conclusion, we show that vaccination with an NS1-truncated virus can rescue many of the age-related immunological deficits seen following infection in 18-month-old mice. Humoral and cellular responses were produced following infection, with a single administration resulting in complete protection from a robust challenge. These findings have implications for the development of improved vaccines for this vulnerable, rapidly growing segment of the population.
